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ABSTRACT 
 
A huge amount of intermittent organic solid wastes such as biofouling organisms, drifting algae 
and unexpected disaster wastes have become urgent environmental issues. Because these wastes are 
discharged in vast quantities, intermittently and often suddenly, they are usually disposed by direct 
incineration, landfilling and/or ocean dumping, causing severe environmental pollutions and high 
financial losses. Anaerobic digestion in fed-batch mode is expected as a suitable technology to treat 
such intermittently-discharged wastes, due to its low energy requirement and versatility. However, 
in many cases of urban areas, a post-treatment of wastewater such as nitrification and denitrification 
is required after anaerobic digestion. These post-treatment facilities require high initial and 
operational costs, leading to the limitation of the prevalence of anaerobic digestion technology. To 
familiarize anaerobic digestion technology, it is necessary to simplify conventional system. 
Particularly, in the case of treating intermittently-discharged wastes, the facilities do not function 
continuously; therefore, the treatment system should be simplified as much as possible. The present 
study focused on the treatment of marine biofouling organisms (i.e. blue mussels) by simultaneous 
methanogenesis and denitrification processes which could combine conventionally separated 
processes into a same reactor. Firstly, the optimal operational conditions for simultaneous 
methanogenesis and denitrification processes via nitrate and nitrite were examined in a single batch 
reactor. The performance of methanogenesis and denitrification processes was clearly affected by 
substrate COD/NOx⁻-N ratio. The successful treatment with high organic and nitrogen removal was 
achieved under the relatively high COD/NOx⁻-N ratio ranging from 17.2 to 24.6. Meanwhile, the 
both methanogenesis and denitrification were inhibited under the relatively low ratio ranging from 
2.87 to 8.60, leading to low organic and nitrogen removal efficiency. However, such inhibition was 
 iii 
 
mitigated by adding denitrification sludge to anaerobic sludge. This result indicated that addition of 
denitrifiers into seed sludge enhanced not only denitrification performance but also methanogenesis 
performance, leading to high treatment capability. In the case of treating solid wastes in batch 
reactor, soluble COD/NOx⁻-N ratio was also a key factor to determine the success or the failure of 
simultaneous methanogenesis and denitrification processes. Thus, the solubilization of the 
target-waste should be considered. Secondly, an anaerobic-aerobic batch treatment system with 
water recirculation was designed and evaluated its treatment performance. Two different 
recirculation conditions of 10% day
-1
 and 20% day
-1
 to the volume of anaerobic reactor were 
examined in order to evaluate the effect of recirculation rate. During 15 days of the treatment, the 
high COD removal efficiency of 98% and 96% were achieved in the 10% day
-1
 and 20% day
-1
 
conditions, respectively. Meanwhile, the nitrogen removal efficiency varied depending on the 
recirculation conditions. The relatively high nitrogen removal efficiency of 82% was achieved in 
the 20% day
-1
 condition compared to the 10% day
-1
 condition which showed 69% of removal 
efficiency. This result represented that the increase of water recirculation rate enhanced nitrous 
oxides reduction pathway by denitrification, leading to high nitrogen removal efficiency. The 
substrate COD/N ratios of possible intermittent organic solid wastes were summarized. It should be 
noted that blue mussels have the relatively low COD/N ratio compared to other intermittent organic 
solid wastes. The successful treatment performance in this study represented the application 
potential of the investigated system for the treatment of other intermittently-discharged wastes 
which contain the higher COD/N ratio than that of blue mussels.  
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Chapter Ⅰ 
General Introduction 
 
1.1. Current environmental issues of intermittent organic solid wastes 
The discharge and disposal of intermittent organic solid wastes, such as biofouling organisms, 
beached seaweed masses and unexpected large-scale disaster wastes have become urgent 
environmental issues (Norkko et al., 2000; Callow and Callow, 2002; Brown et al., 2011; Holm, 
2012; Smetacek and Zingone, 2013). Marine biofouling organisms (e.g. mussels, barnacles and 
bryozoans), which are the major producers of intermittent organic solid wastes, has led to 
colonization and biodestruction of marine structures such as surfaces of ships’ hulls, cooling water 
intakes in coastal thermal power stations and floating net gages for marine aquacultures (Aldridge et 
al., 2006; Fitridge et al., 2012). For instance, 37,000 tons of blue mussels, which are the 
representative marine biofouling organisms, are treated each year at 100 thermal power plants in 
Japan to address biofouling (Kikuchi and Furuta, 2001). In North America alone, numerous power 
plants have also experienced mussel fouling, costing approximately US$1-5 billion each year for 
their removal and disposal (Pimental et al., 2005). Sudden beaching of algae masses (e.g. Ulva and 
Sargassum) has been reported from many locations all over the world (Smetacek and Zingone, 
2013). Huge amount of drifting algae prevent swimmers and boats from accessing the beaches; if 
they are not removed immediately, the algae will decay, producing toxic hydrogen sulfide (H2S) in 
surrounding environmental areas (Ye et al., 2011). In 2008, the 100,000 tons of Ulva appeared along 
the popular tourist beaches of Brittany, France, causing severe losses to the local economy by the 
deep impact on tourism and the disposal cost of beached algae (estimated to be US$10-150 per ton) 
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(Charlier et al., 2008). Unexpected large-scale disasters (e.g. typhoons, tsunamis, floods and 
earthquakes) generate putrescible organic wastes (FEMA, 2007). For instance, when the Great East 
Japan Earthquake hit in 2011, the tsunami caused the most destruction to the refrigerators and 
freezers of food processing factories in the affected area, resulting in a large amount of spoiled food 
wastes (Oshitani, 2012; Shibata et al., 2012).  
Because these organic solid wastes are discharged in vast quantities, intermittently and often 
suddenly, waste volumes exceed permanent disposal site capacities (Petersen, 2006; USEPA, 2008). 
In such cases, the speed of waste management is a primary objective. Therefore, these wastes are 
usually disposed by direct incineration, landfilling and/or ocean dumping, causing severe 
environmental pollutions and high financial losses (Kikuchi and Furuta, 2001; Brown et al., 2011; 
Ye et al., 2011). Especially, incineration cost becomes quite high due to high moisture content of 
these wastes. Anaerobic digestion is an attractive technology because it can treat solid wastes with 
high organic and moisture content such as sewage sludge, manure, food waste and fish farming 
sludge (Mata-Alvarez et al., 2000; Khalid et al., 2011). The intermittent organic solid wastes are 
discharged in batch-mode; and therefore, anaerobic digestion in fed-batch mode is expected as an 
appropriate treatment process.   
 
1.2. Conventional anaerobic digestion system and simplified system by simultaneous 
methanogenesis and denitrification 
Anaerobic digestion is among the oldest biological waste treatment processes, having been used 
more than a hundred years ago. This technology involves the degradation and stabilization of 
complex organic materials to biogas, which is mixture of methane (CH4) and carbon dioxide (CO2),  
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through a multistep biochemical process of series and parallel reactions by different physiological 
types of anaerobic microorganisms (Fig. 1.1) (Batstone et al., 2002). Due to its low cost and 
versatility, anaerobic digestion has become an increasingly attractive technology for the treatment 
of complex organic wastes (Mata-Alvarez et al., 2000; Khalid et al., 2011). This approach generates 
biomass energy in a form of CH4 gas which provides an alternative source of energy supply, and 
produces organic residue as compost or nutrient effluent as liquid fertilizer in rural areas surrounded 
by agricultural lands (Ugoji, 1997; Lei et al., 2007) (Fig. 1.2(A)).  
However, these produced compost or liquid fertilizer have not been utilized in many urban areas 
in developed countries, because there are very few areas for agriculture. In such cases, anaerobic 
digestion effluent must be additionally treated to meet the regulative standards for emission into 
aquatic environment in order to prevent eutrophication (Penetra et al., 1999; Takata et al. 2013). 
Therefore, a post-treatment of wastewater after anaerobic digestion is required (Fig. 1.2(B)). The 
conventional post-wastewater treatment processes generally consist of following two steps: (1) 
aerobic nitrification to oxidize ammonia to nitrogen oxides (NOx⁻) and (2) anoxic denitrification to 
convert NOx⁻ to nitrogen (N2) gas (Jokela et al., 2002). These multi-stage biological processes 
require high initial construction costs. Furthermore, high operational energy/costs are also required 
for aeration in aerobic tank and chemical additive such as methanol in anoxic tank (Verstraete and 
Philips, 1998). The limitation of the prevalence of anaerobic digestion technology to urban areas is 
mainly caused by such uneconomically and unenvironmentally-friendly treatment system (Takata et 
al., 2013). To familiarize anaerobic digestion technology to urban areas, it is necessary to simplify 
conventional biological processes. Particularly, in the case of treating intermittent organic solid 
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wastes, the facilities do not function continuously; therefore, the treatment system should be 
simplified as much as possible. 
To simplify conventional anaerobic digestion system, simultaneous methanogenesis and 
denitrification in a single reactor has gained attention (Akunna et al., 1992; Percheron et al., 1999; 
Bernet et al., 2000; Andalib et al., 2011; Sun et al., 2015). Notably, methanogenesis and 
denitrification proceed under their similar conditions in temperature, pH and oxidation reduction 
potential (ORP) (Dawson and Murphy, 1972; Nilsson et al., 1980; Zoetemeyer et al., 1982; 
Shammas, 1986; Speece, 1996; Glass and Silverstein, 1998; Chen, et al., 2008) (Table 1.1); 
therefore, it is possible to combine these processes into a single anaerobic reactor. The coupling of 
methanogenesis and denitrification has advantages over the conventional treatment system; these 
advantages include (1) the organic and nitrogen removal are performed in the same reactor, leading 
to saving in the cost of post-treatment facilities, and (2) combining the two processes offers 
additional organic sources for denitrification instead of organic additive such as methanol, leading 
to saving in the operational cost (Fig. 1.2 (C)). Therefore, the both initial and operational costs in 
conventional anaerobic digestion system can be reduced by using simultaneous methanogenesis and 
denitrification processes. 
There has been a considerable effort to develop simultaneous methanogenesis and denitrification 
in a single reactor in the past couple of decades (Table 1.2). In the 1980s through the 1990s, the 
studies on simultaneous methanogenesis and denitrification processes were mainly conducted by 
using a single anaerobic reactor to treat synthetic wastewater that contained methanol, glucose or 
volatile fatty acids as organic carbon source and NOx⁻ as nitrogen source (Hanaki and Polprasert, 
1989; Akuuna et al., 1992; Chen and Lin, 1993; Hendriksen and Ahring, 1996). In the 2000s 
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through the 2010s, several researchers investigated the combination of simultaneous processes in an 
anaerobic reactor with nitrification process in aerobic reactor, using real wastewater such as animal 
wastewater, fish cannery wastewater, brewage wastewater, municipal leachate and landfill leachate 
as substrate (Bernet et al., 2000; Mosquera-Corral et al., 2001; Zhang, 2003; Im et al., 2003; He et 
al., 2014; Sun et al., 2015). However, previous studies have been performed the simultaneous 
methanogenesis and denitrification processes by “continuous” feeding, because commonly 
biological treatment systems treat continuously-discharged waste/wastewater. Furthermore, 
precious researches have focused on “wastewater” treatment and no research has been conducted by 
using “solid wastes”. To treat intermittent organic solid wastes by simultaneous methanogenesis and 
denitrification processes, a new batch treatment system must be developed instead of conventional 
continuous treatment systems. 
 
1.3. The objective of this research 
In the present research, simultaneous methanoegensis and denitrification system in fed-batch 
mode was designed and applied for the first time to treat intermittently-discharged organic solid 
wastes. To reach the goal, firstly, the optimal operational conditions for simultaneous 
methanogenesis and denitrification processes in a single batch reactor were examined using blue 
mussels as a substrate, which is the typical intermittent solid waste all over the world (Chapter Ⅱ). 
In Chapter Ⅱ, simultaneous methanogenesis and denitrification processes via nitrite (NO2⁻) was 
also examined as a more environmentally-friendly biological technology. Thereafter, as a practical 
treatment of intermittent organic wastes by simultaneous methanogenesis and denitrification, an 
anaerobic-aerobic batch treatment system with water recirculation was designed and evaluated its 
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treatment performance (Chapter Ⅲ). In Chapter Ⅳ, an appropriate operational method and a 
proposed fill-scale treatment flow was represented toward practical use of the investigated batch 
system. Furthermore, an application potential for other intermittent organic solid wastes and future 
research were also discussed.  
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Figure 1.1. The anaerobic digestion model as implemented including biochemical processes  
by Batstone et al., 2002: (1) acidogenesis from sugars, (2) acidogenesis from 
amino acids, (3) acetogenesis from ling chain fatty acids, (4) acetogenesis from 
propionate, (5) acetogenesis from butyrate and valerate, (6) aceticlastic
methanogenesis, and (7) hydrogenotrophic methanogenesis
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Figure 1.2. Comparison of conventional anaerobic digestion system and simplified system: 
(A) conventional anaerobic digestion system in rural area, (B) conventional 
anaerobic digestion system in urban area, and (C) simplified system by 
simultaneous methanogenesis and denitrification in urban area
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ChapterⅡ 
Examination of optimal operational conditions for simultaneous methanogenesis 
and denitrification processes in a single batch reactor 
 
2.1. Introduction 
It has been known that the organic carbon to nitrous oxides ratio (i.e. COD/NOx⁻-N ratio) in 
reactor was a key factor to determine the success or the failure of simultaneous methanogenesis and 
denitrification processes (Akuuna et al., 1992; Mosquera-Corral et al., 2001; Ahn et al., 2007; Xie et 
al., 2012). For instance, Akuuna et al. (1992) studied the effect of COD/NOx⁻-N ratio on 
methanogenesis and denitrification processes in a single anaerobic reactor. They reported that 
simultaneous methanogenesis and denitrification was observed at an appropriate COD/NOx⁻-N ratio 
ranging from 8.86≦COD/NOx⁻-N≦53. Meanwhile, a severe inhibition on methanogenesis 
occurred under the relatively low COD/NOx⁻-N ratio below 8.86. Ahn et al. (2007) investigated 
simultaneous processes by using anaerobic upflow sludge bed filter and aerobic membrane 
bioreactor. They reported that the high performance of organic and nitrogen removal without 
cessation of methanogenesis was achieved under certain COD/NOx⁻-N ratio ranging from 14.5≦
COD/NOx⁻-N ≦ 32.5. Fig. 2.1 represented the effect of substrate COD/NOx⁻-N ratio on 
methanogenesis performance by different previous researches using synthetic or real wastewater as 
a substrate. The methanogenic performance changed dramatically depending on substrate 
COD/NOx⁻-N ratio. The relatively high performance ranging from 58% to 98% was achieved at the 
relatively high COD/NOx⁻-N ratio above 14. By contrast, the severe inhibition on methanogenesis 
occurred at the relatively low COD/NOx⁻-N ratio below 10.  
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 Several researchers have recently introduced simultaneous methanogenesis and denitrification via 
nitrite (NO2⁻) as a more environmentally-friendly biological technology than normal simultaneous 
processes via nitrate (NO3⁻) (He et al., 2014; Sun et al., 2015). Commonly, biological 
nitrification-denitrification via NO3⁻ is most accepted process for nitrogen removal from anaerobic 
digestion effluent. This process is carried out in two stages: (1) aerobic nitrification of ammonia 
(NH4+) via hydroxylamine (NH2OH) and NO2⁻ to NO3⁻ and then (2) anoxic denitrification of NO3⁻ 
via NO2⁻, nitric oxide (NO) and nitrous oxide (N2O) to N2 gas (Jokela et al., 2002). 
Nitrification-denitrification via NO2⁻ utilized the process of partial nitrification of NH4+ to NO2⁻ 
and followed by denitrification via NO2⁻ (Ruiz et al., 2003; Wu et al., 2007), resulting in short-cut 
nitrogen removal process. The comparison of simultaneous methanogenesis and denitrification via 
NO3⁻ and NO2⁻ was shown in Fig. 2.2(a) and (b). Notably, compared with the nitrogen removal 
process via NO3⁻, the partial oxidation of NH4+ to NO2⁻ can cut down 25% of the oxygen required 
for nitrification (Pambrun et al., 2008). In addition, the direct reduction of NO2⁻ to N2 gas can 
reduce 40% of the carbon source required for denitrification (Peng and Zhu, 2006), possibly leading 
to high conversion of waste to methane compared with simultaneous methanmogenesis and 
denitrification via NO3⁻.  
However, toxic effects of NO2⁻ to many bacterial activities, including methanogens and 
denitrifying bacteria itself, have been reported by several previous studies (Zumft, 1993; Almeida et 
al., 1995; Tugtas and Pavlostathis, 2007; Banihani et al., 2009). For instance, Almeida et al. (1995) 
reported the NO2⁻ inhibition on denitrification in pure cultures of the denitrifying bacterium 
Pseudomonas fluorescens. Banihani et al. (2009) reported that the methanogenesis was not inhibited 
by NO3⁻ itself, but inhibited by denitrification intermediates such as NO2⁻. Therefore, the effect of 
  
13 
 
NO2⁻ on the performance of batch simultaneous methanogenesis and denitrification for intermittent 
organic solid waste treatment should be examined. 
 In this chapter, the optimal operational conditions for batch simultaneous methanogenesis and 
denitrification processes via NO3⁻ and NO2⁻ for blue mussel treatment was examined in different 
substrate COD/NO3⁻-N and COD/NO2⁻-N ratios. Firstly, NO3⁻-amended batch experiment was 
conducted. Secondly, NO2⁻-amended batch experiment was conducted in order to compare the 
treatment performance in simultaneous processes via NO3⁻ and NO2⁻. 
 
2.2. Materials and methods 
2.2.1. Collection and preparation of substrate and seed sludges  
In this study, blue mussels, which are typical intermittent organic solid waste all over the world, 
were used as a sole carbon substrate. Actually, it was reported that blue mussels accounted for 80% 
(wet weight) of all marine biofouling organisms attached on the surface of marine structures 
(Shiotani and Nagao, 2011). Blue mussels were collected from Otsuchi Bay in Iwate, Japan. The 
blue mussels in the size range of 1-8 cm were collected from anchored or moored ships and vessels, 
or on ropes, etc. The blue mussels were kept in cooling boxes filled with seawater and transported 
to the laboratory of the International Coastal Research Center of the University of Tokyo within 1 
hour of being collected. In the laboratory, the blue mussels were cleaned of epiphytes and epibionts 
and rinsed quickly with deionized water to remove sand, shells, and other particles from the shell 
body. Only the blue mussels with intact shells were used in the experiment.  
The mesophilic anaerobic sewage sludge was collected from the sewage sludge treatment plant of 
Hokubu Sludge Treatment Center, Yokohama, Japan. The denitrifying sludge was collected from 
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A2O (anaerobic/anoxic/aerobic) wastewater treatment plant of Hokubudaini Wastewater Treatment 
Center, Yokohama, Japan. In the laboratory, the sludge was left for 1 day to allow for sedimentation. 
The supernatant was discarded and the thickened sludge layers at the bottom of the tanks were used 
as seed for the experiment. The characteristics of the blue mussels and the seed sludges are 
presented in Table 2.1. 
 
2.2.2. Batch experiment in different substrate COD/NOx⁻-N ratios 
In this study, a series of identical glass flask with working volumes of 1.5 L were used as reactors 
in a temperature controlled walk-in laboratory at mesophilic temperature of 37 °C± 1 °C (Fig. 
2.3).  
Firstly, NO3⁻-amended batch experiment was conducted. In this experiment, two different seed 
sludge conditions were used to evaluate the effect of adding denitrifying sludge to seed sludge: 
anaerobic sludge only condition (referred as A-conditions in text) and anaerobic sludge plus 
denitrifying sludge condition (referred as AD-conditions in text). The blue mussels with their shells 
were added into each reactor to achieve a substrate COD concentration from shellfish meat of 8600 
mg L
-1
. The amount of substrate COD was calculated as follows: 
 CODM = 6.602×10
-6×L  (2-1) 
where CODM (g) is the amount of COD per shell and L (mm) is the shell length. In both A and AD 
conditions, aliquots of KNO3 solution were added to each reactor, resulting in substrate 
COD/NO3⁻-N ratio of 2.87, 5.74 and 17.2, respectively (Table 2.2).  
Secondly, NO2⁻-amended batch experiment was conducted. In this experiment, anaerobic sludge 
with denitrifying sludge was used as seed sludge (i.e. AD-conditions). Preliminary, the denitrifying 
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sludge was acclimated to NO2⁻-amended synthetic wastewater which contained COD/NO2⁻-N ratio 
of 5.0 for 1 week. The blue mussels were added into each reactor, to achieve a substrate 
concentration of 8600 mg L
-1
. Aliquots of NaNO2 solution were added to each reactor, resulting in 
substrate COD/NO2⁻-N ratio of 3.44, 8.60, 17.2 and 24.6, respectively (Table 2.3).  
All batch reactors were kept in constant agitation of 60 rpm using a double shaker (TAITEC, 
NR-150, Japan) for a period of 20 days. 
 
2.2.3. Analytical methods 
Total and volatile suspended solids (TSS and VSS) were examined according to the sewage 
analysis methods outlined by the Japan Sewage Works Association. The total chemical oxygen 
demand (TCOD), soluble chemical oxygen demand (SCOD), NO2⁻ and NO3⁻ were quantified as 
described by standard American Public Health Association methods (1998). TCOD and SCOD were 
determined colorimetrically (DR/2400 Spectrophotometer, Hach) following dichromate digestion. 
The concentrations of NO2⁻ and NO3⁻ were measured by ion chromatography (SSC-600, Senshu 
Kagaku). The total nitrogen (TN) of the blue mussels was measured using the Kjeldahl method. N2, 
N2O, CH4 and CO2 composition of biogas samples was monitored using a gas chromatograph 
(GC-2014AT, Shimazdu) equipped with a packed column (Shincarbon ST) and thermal conductivity 
detector. 
 
2.2.4. Calculations 
The theoretical COD requirements for methanogenesis and denitrification were calculated from 
the biogas production. The COD requirement by methanogenesis was quantified based on 0.395 ml 
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mg COD
-1
 at 35 
o
C. The theoretical COD requirements for NO3⁻-N reduction to N2 and N2O for all 
nitrate-amended reactors were calculated based on 2.87 and 2.28 mg COD mg N
-1
, respectively. The 
theoretical COD requirements for NO2⁻-N reduction to N2 and N2O for all nitrogen oxide-amended 
reactors were calculated based on 1.71 and 1.14 mg COD mg N
-1
, respectively.  
Total COD removal efficiency was determined using following equation: 
Total COD removal efficiency (%) = ( 1−  )×100   (2-2) 
where TCODinitial and SCODfinal refer to the initial TCOD concentration and soluble COD 
concentration at the end of the experiment, respectively. 
 
2.3. Results and discussion 
2.3.1. Batch experiment in different substrate COD/NO3⁻-N ratios 
2.3.1.1. pH variation  
The decrease in pH values were observed in all batch reactors at the beginning of the 
experimental period (Fig. 2.4), indicating the occurrence of solubilization and acidogenesis 
processes of blue mussels. Thereafter, the increase in pH values occurred in all batch reactors. It has 
been commonly known that alkalinity can be generated during the denitrification process, which 
leads to increase of pH (Lee et al., 2001). In addition, acid consumption by methanogenesis also 
increases pH values. These results indicated that solubilization and acidogenesis processes occurred 
in parallel with denitrification and/or methanogenesis at the beginning of the experimental period in 
all batch reactors. Thus, in the case of organic solid waste treatment in batch simultaneous 
methanogenesis and denitrification processes, the pH variation depends on the balance of 
acidogenesis, methanogenic and denitrifying activities. 
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2.3.1.2. Biogas production rate 
The biogas production rates of N2, N2O and CH4 in all NO3⁻-amended batch reactors during 
experimental periods were shown in Fig. 2.5. Nitrogen and nitrous oxide gas production were 
observed in all batch reactors, including in only the anaerobic sludge-amended reactors 
(A-conditions). Quevedo et al. (1996) reported that the denitrification activity utilizing acetic acid 
and glucose were obtained through batch experiment with inoculated anaerobic sludge. In this 
experiment, the progress of denitrification was also observed in A-conditions.  
At the beginning of the experimental period, the N2 and N2O production rate were high in all 
reactors. Almost of N2 and N2O production were finished during the first two to three days and were 
followed by methane gas productions. Previous studies indicated that if both the methanogenesis 
and denitrification processes are carried out in the same reactor, methanogenesis will begin once 
denitrification is complete (Bernet et al., 2000). In this study, the same results were obtained in 
A-17.2, AD-5.74 and AD-17.2 conditions which were relatively high substrate COD/NO3⁻-N 
conditions. By contrast, methanogenesis was inhibited in A-2.87, A-5.74 and AD-2.87 which were 
relatively low substrate COD/NO3⁻-N conditions. Mosquera-Corral et al. (2001) reported that 
simultaneous methaogenesis and denitrification in a single reactor was possible when the carbon 
source is easily assimilated and an adequate COD/NO3⁻-N ratio is available, to avoid 
methanogenesis inhibition. Xie et al. (2012) reported that substrate COD/NO3⁻-N ratio of 7-8 was 
the critical value in a batch assay inoculated with anaerobic granular sludge. For ratios below 7, 
denitrification was the main process and was limited by the availability of organic carbon, while 
methanogenesis was inhibited by the residual nitrate. In this study, the same tendency was observed 
in the anaerobic sludge inoculated conditions. Meanwhile, methanogenesis was observed around 10 
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days of the experiment in AD-5.74 condition which inoculated anaerobic sludge and denitrifying 
sludge. Under the AD-5.74 condition, the N2 production rate was clearly higher than the A-5.74. 
These results indicate that inoculating denitrifying sludge with anaerobic sludge appears to enhance 
denitrification activity, resulting in the recovery of methanogenesis activity at relatively low 
substrate COD/NO3⁻-N conditions compared with those in previous studies.  
 
2.3.1.3. Denitrification efficiency 
The denitrification efficiency in all reactors resulting in the production of N2 and N2O gas were 
shown in Figure. 2.6. The highest denitrification efficiency (102% and 99%) was observed in the 
A-17.2 and AD-17.2 which were the highest substrate COD/NO3⁻-N conditions. The denitrification 
efficiency decreased as the substrate COD/NO3⁻-N ratio decreased in both the A and AD-conditions. 
Relatively high denitrification efficiency was achieved in the AD-conditions, compared the 
A-conditions. This result also indicated that adding denitrification into anaerobic sludge was a 
useful way to enhance denitrifying activity in simultaneous methanogenesis and denitrification in 
single reactor.  
Notably, the N2O was observed in all batch reactors. The maximum N2O gas production rate 
increased as the substrate COD/NO3⁻-N ratio decreased in both the A and AD-conditions. Complete 
denitrification is the sequential reduction of NO3⁻, NO2⁻, NO and N2O to N2 consuming organic 
carbon (Jokela et al., 2002). Thus, N2O production in the denitrification process indicates the 
incomplete denitrification due to insufficient organic carbon matter. Chemically denitrifying 1 g of 
NO3⁻-N to N2-N requires 2.87 g of COD (Tugtas and Pavlostathis, 2007). In this experiment, N2O 
gas was observed in all batch conditions, although the substrate COD/NO3⁻-N ratios were likely 
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sufficient in the A-5.74, A-17.2, AD-5.74 and AD-17.2 conditions. This result indicates that the 
solubilization and acidogenesis processes were rate-limiting steps that supplied denitrifying bacteria 
with an electron donor. In other words, soluble COD/NO3⁻-N ratios may have been limited in the 
batch reactors. Therefore, the variation of soluble COD/NO3⁻-N ratio during first 10 days of the 
experiment in all batch reactors was shown in Fig. 2.7. At the beginning of the experiment, low 
soluble COD/NO3⁻-N ratios below 3.0 were observed in all batch conditions. This finding indicates 
that during simultaneous methanogenesis and denitrification processes for solid waste treatment, the 
soluble COD supply is limited at the beginning of the experiment; thus, incomplete denitrification 
occurs, resulting in N2O gas emissions. These results indicate that the solubilization rate of organic 
solid waste should be considered when conducting batch simultaneous methanogenesis and 
denitrification in a single reactor. In other words, a shortage of organic material during 
denitrification occurs when a persistent substance is used as substrate, while acid shock on 
methanogensis will occur through rapid acidogenesis when an easily degradable substance is used. 
 
2.3.1.4. COD consumption efficiency by methanogenesis or denitrification 
The COD consumption efficiency, which resulted in cumulative biogas production in all batch 
reactors, was shown in Fig. 2.8. Simultaneous methanogenesis and denitrification processes were 
carried out in the A-17.2, AD-5.74 and AD-17.2 conditions, which resulted in total COD 
consumption efficiency of 51.5%, 81.6% and 68.4%, respectively. Conversely, low COD 
consumption by methanogenesis was observed in the A-2.87, A-5.74 and AD-2.87 samples, which 
led to total COD consumption efficienciy of 24.3%, 16.9% and 47.8%, respectively. The relatively 
high COD consumption efficiency was found in the denitrifying sludge amended conditions. The 
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adding denitrifying sludge to methanogenic sludge enhanced the both denitrification and 
methanogenic activities, leading to an increase in the total COD consumption rate. 
Different COD consumption efficiency patterns were observed between the A and AD conditions. 
In methanogenic sludge-amended only conditions, the COD consumption efficiencies decreased as 
the COD/NO3⁻-N ratio decreased. However, the consumption efficiencies increased from 68.4% at 
AD-17.2 to 81.6% at AD-5.74. This result is consistent with the results of Ruiz et al. (2006) who 
studied the simultaneous methanogenesis and denitrification using sodium acetate as a carbon 
source. They reported that the COD removal rate resulting from simultaneous methanogenesis and 
denitrification increased from 50% at COD/NO3⁻-N ratio of 10 to 98% at COD/NO3⁻-N ratio of 5. 
This result indicates that if both processes are performed in a single stage, the organic supply should 
be low. Indeed, relatively low COD/NO3⁻-N ratios are, in general, common characteristics of those 
studies which both processes were successfully conducted in a single reactor. These circumstances 
explain the low COD removal in the AD-17.2 condition compared with that in the AD-5.74 
condition: low methanogenic activity was not sufficient to remove the excess organic matter for 
denitrification, due to the high organic supply. Meanwhile, although methanogenic activity was low 
in AD-5.74, a large amount of COD consumption by denitrification led to relatively high COD 
consumption rate compared with AD-17.2.  
 
2.3.1.5. COD removal efficiency 
The COD removal efficiencies for all batch reactors at the end of the experiment were shown in 
Fig. 2.9. The relatively high COD removal efficiency was achieved in the A-5.74 (80.9%), A-17.2 
(79.9%), AD-5.74 (80.2%) and AD17.2 (93.4%), which were the relatively high substrate 
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COD/NO3⁻-N conditions. By contrast, the relatively low removal efficiency was observed in the 
A-2.87 (52.2%) and AD-2.87 (54.7%). Compared to the percentage of COD consumption efficiency 
calculated by biogas production (Fig. 2.8), the percentage of total COD removal efficiency was 
relatively high in almost of all batch conditions except for AD-5.74. In simultaneous 
methanogenesis and denitrification reactor, substrate COD removal is conducted not only due to 
biogas production process by methanogenesis and/or denitrification but also other factors such as 
microbial growth. For instance, it has been reported that when growth of denitrifying bacteria was 
accounted for, the COD requirement for denitrification increased almost threefold compared to the 
stoichiometric COD requirement for denitrification process itself (Tugtas and Pavlostathis, 2007). 
In addition, there are many physiological types of anaerobic microorganisms in anaerobic sludge 
(Speece, 1996) and denitrifying sludge (Juretschko et al., 2002). Such these microorganisms 
required COD for their growth, resulting in the relatively high total COD removal were achieved 
compared to COD consumption by methanogenesis and denitrification. 
The results of this experiment showed the both high denitrification and high COD removal 
efficiencies in A-17.2, AD-5.74 and AD-17.2, indicating the successful performance of batch 
simultaneous methanogenesis and denitrification processes for blue mussel treatment. The effective 
range of substrate COD/NO3⁻-N was 17.2 in only anaerobic sludge-amended reactors. Adding 
denitrifying sludge into anaerobic sludge could expand the effective range to substrate 
COD/NO3⁻-N of 5.74 due to enhancing simultaneous metanogenesis and denitrification activities. 
 
2.3.2. Batch experiment in different substrate COD/NO2⁻-N ratios 
2.3.2.1. pH variation  
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As with NO3⁻-amended batch experiment, the increase in pH values occurred during the 
experimental periods, confirming the occurrence of the denitrification via NO2⁻ process (Fig. 2.10). 
Compared to the pH variations in nitrate-amended experiment (Fig. 2.4), the relatively rapid 
increase in pH was observed at the beginning of the NO2⁻-amended experiment. Generally, 
denitrification pathway can be expressed as following sequential redox reductions: 
             2NO3⁻ + 2H2 → 2NO2⁻ + 2H2O  (2-3) 
            2NO2⁻ + 2H2 → N2O + H2O + 2OH⁻ (2-4) 
               N2O + H2 → N2 + H2O (2-5) 
alkalinity (OH⁻) is generated during the reduction of NO2⁻ to N2O (Eq. (2-4)), which follows the 
reduction of NO3⁻ to NO2⁻ (Eq. (2-3)) (Lee et al., 2001). Therefore, the alkalinity supply rate in 
denitrification via NO2⁻ pathway was higher than denitrification via NO3⁻ pathway, leading to rapid 
increase in pH in NO2⁻-amended experiment. It is commonly known that the both methanogenesis 
and denitrification processes are inhibited when the pH drop exceeds a certain level (Speece, 1996; 
Glass and Silverstein, 1998). In the case of treating the easily biodegradable wastes in batch 
simultaneous methanogenesis and denitrification in a single reactor, the rapid pH drop caused by 
solubilization and acidogenesis possibly occur at the beginning. In such cases, simultaneous 
methanogenesis and denitrification via NO2⁻ is probably suitable in terms of pH variation, due to 
mitigation of acid shock on the microbial processes compared to via NO3⁻.  
 
2.3.2.2. Denitrification efficiency 
The denitrification efficiency for all NO2⁻-amended batch reactors resulting in the production 
nitrogen and nitrous gas was shown in Fig. 2.11. The denitrification efficiency was clearly affected 
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by the substrate COD/NO2⁻-N ratio. The high efficiency of almost 100% was achieved in AD-8.60, 
AD-17.2 and AD-24.6 conditions which were relatively high substrate COD/NO2⁻-N conditions. By 
contrast, low denitrification efficiency of 27.2% was observed in AD-3.44 condition which was low 
substrate COD/NO2⁻-N condition. As with the results in the NO3⁻-amended experiment (Fig. 2.6), 
N2O gas was observed in all batch conditions, representing incomplete denitrification. Chemically, 
denitrifying 1 g of NO2⁻-N to N2-N requires 1.71 g of COD. Although the substrate COD/NO2⁻-N 
ratios were sufficient for complete denitrification in all batch conditions, low soluble COD/NO2⁻-N 
ratios were observed during first 1 day of the experimental period (Fig. 2.12). This result was 
coincided with the result in the NO3⁻-amended experiment (Fig. 2.7), indicating the limitation of 
substrate solubilization at the beginning of the batch experiment. 
 
2.3.2.3. Comparison between NO3⁻-amended and NO2⁻-amended experiments 
The relationship between the substrate COD/NOx⁻-N ratio versus denitrification efficiency was 
summarized (Fig. 2.13). The high efficiency above 90% was observed under substrate 
COD/NO3⁻-N ratio ranging from 5.74 to 17.2 and substrate COD/NO2⁻-N ratios ranging from 8.6 to 
24.6. The relatively low denitrification efficiency of 27% was observed in AD-3.44 of 
NO2⁻-amended condition, compared to that of AD-2.87 of NO3⁻-amended condition. These results 
indicated a stronger NO2⁻ inhibition on denitrification than NO3⁻ under low substrate COD/NOx⁻-N 
condition. One possible explanation is the inhibition of the culture by NO which is an intermediate 
substrate in denitrification. NO is a highly reactive radical with an unpaired electron that is highly 
toxic to many bacteria species, including denitrifying bacteria (Her and Huang, 1995). In a previous 
study, NO accumulation was observed in a NO2⁻-amended denitrifying sludge, suggesting that 
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NO2⁻ may inactivate the NO reductase and consequently accumulate NO (Schulthess et al., 1995). 
Therefore, the relatively low denitrification efficiency in NO2⁻-amended experiment was possibly 
because of the transient or persistent accumulation of NO.  
The relationship between the substrate COD/NOx⁻-N ratio versus CH4 yield (L CH4 g COD
-1
) 
was summarized in Fig. 2.14. Compared to the CH4 yield in NO3⁻-amended experiment, the 
relatively low value was observed in NO2⁻-amended experiment. For instance, in same substrate 
COD/NOx⁻-N ratio of 17.2, the CH4 yield was 0.180 L CH4/g COD at NO3⁻-amended condition and 
0.107 L CH4/g COD at NO2⁻-amended condition, respectively. This result represented 40% 
reduction of CH4 production in NO2⁻-amended condition compared to NO3⁻-amended condition. 
Although the short-cut denitrification via NO2⁻ was successfully performed, a severe NO2⁻ 
inhibition on methanogenesis was observed in this study. Therefore, in terms of collecting CH4 gas 
for energy source, there is no benefit in simultaneous methanogenesis and denitrification via NO2⁻ 
compared with via NO3⁻.  
The relationship between the substrate COD/NOx⁻-N ratio versus total COD removal efficiency 
was summarized in Fig. 2.15. The similar tendency of COD removal was observed between 
NO3⁻-amended experiment and NO2⁻-amended experiment. The relatively high COD removal 
efficiency of 90.6% and 98.2% were observed in AD-17.2 and AD-24.6 conditions of the 
NO2⁻-amended experiment. It is noted that high COD removal efficiency with high denitrification 
efficiency (Fig. 2.13) were achieved under substrate COD/NOx⁻-N condition of 17.2 in the both 
NO3⁻ and NO2⁻ amended experiments. This COD/NOx⁻-N ratio is a near COD/N value of blue 
mussel (COD/N=16.3); therefore, simultaneous methanogenesis and denitrification via NO3⁻ and 
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NO2⁻ in a single anaerobic reactor proceed successfully and this technology can be applied for the 
treatment of blue mussels in fed-batch mode. 
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Table 2.1. The characteristics of substrate and seed sludges
Parameter
Anaerobic sludge
Denitrifying sludge
Blue mussel
TS
(wt%)
VS
(dw%)
TCOD
(g L-1)
SCOD
(mg L-1)
TCOD/TN
2.5
1.0
15.5 88.1
57.6
68.4 22.0
11.7
247.8
309.5
859.3
-
-
-
16.3
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Table 2.2. Operating conditions for all NO3⁻-amended reactors
Run no.
A-2.87
A-5.74
A-17.2
AD-2.87
AD-5.74
AD-17.2
Added seed sludge
A (g VS L-1) D (g VS L-1)
10
10
10
8
8
8
-
-
-
2
2
2
Blue mussel
(mg COD L-1)
8600
8600
8600
8600
8600
8600
NO3⁻
(mg N L-1)
3000
1500
500
3000
1500
500
Substrate
COD/NO3⁻-N
2.87
5.74
17.2 
2.87
5.74
17.2
A shows Anaerobic sludge; D shows Denitrifying sludge; AD shows A+D; A-2.87, A-5.74
and A-17.2 show reactors added A only with substrate COD/NO3⁻-N ratio of 2.87, 5.74 and
17.2, respectively; AD-2.87, AD-5.74 and AD-17.2 show reactors added A and D with
substrate COD/NO3⁻-N ratio of 2.87, 5.74 and 17.2, respectively
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3.44
8.60
17.2
24.6
Table 2.3. Operating conditions for all NO2⁻-amended reactors
AD-3.44
AD-8.60
AD-17.2
AD-24.6
8
8
8
8
2
2
2
2
8600
8600
8600
8600
2500
1000
500
350
A shows Anaerobic sludge; D shows Denitrifying sludge; AD shows A+D; AD-3.44, AD-
5.74, AD-17.2 and AD-24.6 show reactors added A and D with substrate COD/NO2⁻-N ratio
of 3.44, 5.74, 17.2 and 24.6 respectively
Run no.
Added seed sludge
A (g VS L-1) D (g VS L-1)
Blue mussel
(mg COD L-1)
NO2⁻
(mg N L-1)
Substrate
COD/NO2⁻-N
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Figure 2.1. The effect of substrate COD/NOx⁻-N ratio on methanogenesis performance by 
different previous researches using synthetic or real wastewater
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Figure 2.2. Comparison of simultaneous methanogenesis and denitrification via (A) NO3⁻
and (B) NO2⁻
(A) Simultaneous methanogenesis and denitrification via NO3⁻
(B) Simultaneous methanogenesis and denitrification via NO2⁻
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Figure 2.3. Experimental set up of batch experiment
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Figure 2.4. pH variation in all nitrate-amended batch reactors, ●: A-2.87, ■: A-5.74, 
▲: A-17.2, ○: AD-2.87, □: AD-5.74, △: AD-17.2   
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Figure 2.5. Biogas production rate in all NO3⁻ -amended batch reactors. A and AD show 
anaerobic sludge only (A-condition) and anaerobic sludge plus denitrifying 
sludge (AD condition), respectively. The values following A or AD show 
substrate COD/NO3⁻-N ratio in the reactors, 〇:N2, △: N2O, ■: CH4
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Figure 2.6. Denitrification efficiency in all NO3⁻-amended batch reactors  resulting in 
N2 and N2O gas production: percentage of NO3⁻-N used for N2 and N2O,
at the end of experiment, □:N2-N/initial NO3⁻-N, □:N2O-N/initial NO3⁻-N  
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Figure 2.7. Soluble COD/NO3
--N ratios in all NO3⁻-amended batch reactors during 10 days 
of experimental period, ●:A-2.87, ■: A-5.74, ▲: A-17.2, ○: AD-2.87, 
□: AD-5.74, △: AD-17.2  
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Figure 2.8. COD consumption efficiency resulting in biogas production by  
methanogenesis and denitrification, at the end of experiment,■: CH4, □:N2, 
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Figure 2.9. COD removal efficiency in all NO3⁻ -amended batch reactors, at the end of 
the experiment
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Figure 2.10. pH variations in all NO2⁻-amended batch reactors, ○:AD-3.44, □: A-8.60, 
△: AD-17.2, ＋: AD-24.6
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Figure 2.11. Denitrification efficiency in all NO2⁻-amended batch reactors  resulting in N2 and 
N2O gas production: percentage of NO2⁻-N used for N2 and N2O, at the end of  
experiment, □:N2-N/initial NO2⁻-N, □:N2O-N/initial NO2⁻-N  
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Figure 2.12. Soluble COD/NO2⁻ -N ratio in all NO2⁻-amended batch reactors during 10 days 
of experimental period, ○: AD-2.87, △: AD-8.60, □: AD-17.2, ＋: AD-24.6
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Figure 2.13. Relationship between the substrate COD/NOx⁻-N ratio versus denitrification 
efficiency in NO3⁻-amended reactors (only AD-conditions) and NO2⁻-amended   
reactors,〇: NO3⁻-amended reactors, ●: NO2⁻-amended reactors
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Figure 2.14. Relationship between the substrate COD/NOx⁻-N ratio versus CH4 yield in  
NO3⁻-amended reactors (only AD-conditions) and NO2⁻-amended reactors,
〇: NO3⁻-amended reactors, ●: NO2⁻-amended reactors
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Figure 2.15. Relationship between the substrate COD/NOx⁻-N ratios versus COD removal   
efficiency in NO3⁻ -amended reactors (only AD-conditions) and NO2⁻-amended   
reactors, 〇: NO3⁻-amended reactors, ●: NO2⁻-amended reactors
  
44 
 
Chapter Ⅲ 
Development of simultaneous methanogenesis and denitrification in fed-batch 
system: optimum design and its performance 
 
3.1. Introduction 
The reported studies on simultaneous methanogenesis and denitrification have been conducted by 
using continuous feeding system, because the biological treatment systems focus mainly on treating 
continuously-discharged wastewaters (Table 1.2 in the Chapter Ⅰ ). Meanwhile, intermittent 
organic solid wastes such as marine biofouling organisms are discharged intermittently and in vast 
quantity as solid wastes. To treat such intermittent organic solid wastes by simultaneous 
methanogenesis and denitrification, a fed-batch system must be developed.  
In order to treat intermittently discharged wastes by simultaneous methanogenesis and 
denitrification, an anaerobic-aerobic sequential batch treatment are must be conducted. In this 
treatment system, organic matter and organic nitrogen of substrate can be removed by following 5 
step batch processes (Fig. 3.1): 
(1) Methanogenesis; first feeding of blue mussels and methanogenesis are performed in anaerobic 
reactor. Complex organic matter is converted into CH4 gas. Meanwhile, organic nitrogen is 
converted into NH4⁺. 
(2) Nitrification; feeding of anaerobic effluent and nitrification are performed in aerobic reactor. 
NH4⁺ is oxidized into NOx⁻. 
(3) Simultaneous methanogenesis and denitrification; second feeding of blue mussels, feeding of 
aerobic effluent and simultaneous methanogenesis and denitrification are performed in anaerobic 
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reactor. Complex organic matter is converted into CH4 gas. Organic nitrogen is converted into NH4⁺ 
and NOx⁻ is converted into N2 gas. 
(4) Nitrification; feeding of anaerobic effluent and nitrification are performed in aerobic reactor. 
NH4⁺ is oxidized into NOx⁻. 
(5) Denitrification; feeding of organic additive (e.g. methanol) and denitrification are performed 
in anaerobic reactor. NOx⁻ is converted into to N2 gas.  
As a practical treatment of intermittent organic wastes, an anaerobic-aerobic batch treatment with 
water recirculation among anaerobic/aerobic reactors is expected to be available. In this treatment 
system, after batch-feeding of substrate, anaerobic/aerobic waters are recirculated in a repetitive 
manner to perform simultaneous methanogenesis and denitrification (Fig. 3.2). The main features of 
the treatment system are:  
(1) Organic and nitrogen removal from substrate can proceed by one feeding; and therefore, 
treatment time is shortened. 
(2) Denitrification can proceed by using target-waste only; that is, no chemical cost is required 
for nitrogen removal. 
In this chapter, anaerobic-aerobic batch treatment system with water recirculation was designed 
for the first time and applied to treat blue mussels.  
 
3.2. Materials and methods 
3.2.1. Collection and preparation of substrate and seed sludges  
Blue mussels with their shells were used as a sole substrate which was prepared in Materials and 
Methods part of Chapter Ⅱ. The mesophilic anaerobic sewage sludge was collected from Hokubu 
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Sludge Treatment Center while denitrification sludge and nitrification sludge were collected from 
Hokubu Second Water Regeneration Center, Yokohama, Japan, using two 20-L tanks. In the 
laboratory, the sludges were left for 1 day to allow for sedimentation. The supernatants were 
discarded and the thickened sludge layers at the bottom of the tanks were used as seed sludge for 
the experiment. 
 
3.2.2. Description of an anaerobic-aerobic batch treatment system 
The schematic illustration of an anaerobic-aerobic batch treatment system with water 
recirculation was shown in Fig. 3.3. This system mainly consists of: (1) an anaerobic reactor with a 
working volume of 15 L for simultaneous methanogenesis and denitrification, (2) an aerobic reactor 
with a working volume of 4.5 L for nitrification, (3) a process controller (EPC-2000, Eyela) 
connected to a PC for on-line monitoring and controlling, and (4) solid-liquid separator 
(Model-6000, Kubota) for the anaerobically digested slurry. An anaerobic reactor had an oxygen 
redox potential (ORP) sensor connected to the process controller and the ORP value was monitored. 
Digested slurry in anaerobic reactor was agitated during treatment period by liquid circulation pump. 
An aerobic reactor had a pH sensor and a DO sensor and the values were monitored and controlled 
by the process controller. The pH was controlled by the addition of 1M NaHCO3 using solution 
sending pump. The DO was controlled by the aeration using air pump. A mechanical stirrer was 
used to assist aeration and provide liquid mixing when the aeration stopped.  
3.2.3. Operating conditions 
3.2.3.1. An anaerobic-aerobic batch treatment sysmte via NO3⁻ 
Firstly, the experiment of an anaerobic-aerobic batch treatment system via NO3⁻ (referred to as 
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the experiment via NO3⁻) was performed. In this experiment, two different water recirculation rates 
were examined to evaluate the effect of recirculation rate. In this experiment, anaerobic sludge with 
denitrifying sludge was used as seed sludge in anaerobic reactor and nitrifying sludge was used as 
seed sludge in aerobic reactor. First, the blue mussels with their shells were added into the 
anaerobic reactor, leading to initial COD and N concentration of 6900-7000 mg L
-1
 and 960-980 
mgN L
-1
, respectively. Then, the mixtures in the reactor were flushed with Ar gas for 2 to 3 min in 
order to make an anaerobic condition. During first 23 or 11 h of the experimental period, only 
anaerobic digestion proceeded and solubilization and methanogenesis of blue mussels partially 
occurred. After that, the anaerobically digested slurry was separated into liquid and solid fractions 
by using solid-liquid separator. The separated liquid fraction (i.e. anaerobic water) was fed into 
aerobic reactor while the solid fraction was returned to anaerobic reactor. Then, simultaneous 
methanogenesis and denitrification in anaerobic reactor and nitrification in aerobic reactor were 
conducted by following operational cycles: (1) anaerobic/aerobic reactions; 23 or 11 h day
-1
, (2) 
solid-liquid separation of anaerobically digested slurry by separator and nitrified mixture by 
settling; 55 min day
-1
 and (3) anaerobic/aerobic water recirculation into aerobic/anaerobic reactors; 
5 min day
-1
. Therefore, each operational cycle length was 24 or 12 h. In each operational cycle, the 
amount of anaerobic/aerobic waters was 1.5 L, leading to recirculation rate of 10% or 20% day
-1
 to 
the volume of anaerobic reactor. The pH and DO values were maintained above 7.0±0.1 and 5.0±
0.1 mg L
-1
, respectively (Table 3.1). The anaerobic and aerobic reactors were incubated at 37 
o
C±1 
o
C and 30 
o
C±1 oC, respectively, in a walk-in, temperature-controlled laboratory.  
 
3.2.3.2. An anaerobic-aerobic batch treatment system via NO2
— 
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Secondly, the experiment of an anaerobic-aerobic batch treatment system via NO2
— (referred to 
as the experiment via NO2
—) was performed. In this experiment, the condition of recirculation rate 
was maintained at 10% day
-1
 in anaerobic reactor. In this experiment, anaerobic sludge with NO2
— 
acclimated denitrifying sludge was used as seed sludge in anaerobic reactor. In aerobic reactor, an 
acclimated nitrifying sludge for nitritation was used as seed sludge. First, the blue mussels with 
their shells were added into the anaerobic reactor, leading to initial COD and N concentration of 
6800 mg L
-1
 and 900 mgN L
-1
, respectively. An operational procedure was same as the experiment 
via NO3
—. The pH and DO were maintained at 7.8±0.1 and 1.0±0.1 mg L-1, respectively. The both 
anaerobic and aerobic reactors were incubated at 37 
o
C±1 oC . 
 
3.2.4. Analytical methods 
TSS and VSS were examined according to the sewage analysis methods outlined by the Japan 
Sewage Works Association (1997). TCOD, SCOD, NO2⁻ and NO3⁻ were quantified as described by 
standard American Public Health Association methods (1998). TCOD and SCOD were determined 
colorimetrically (DR/2400 Spectrophotometer, Hach) following dichromate digestion. The 
concentrations of NO2⁻ and NO3⁻ were measured by ion chromatography (SSC-600, Senshu 
Kagaku). TN of the blue mussels was measured using the Kjeldahl method. N2, CH4 and CO2 
composition of biogas samples was monitored using a gas chromatograph (GC-2014AT, Shimazdu) 
equipped with a packed column (Shincarbon ST) and thermal conductivity detector.  
 
3.2.5. Calculations  
Total COD removal efficiency and total N removal efficiency in anaerobic reactor were 
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determined using following equations: 
     Total COD removal efficiency (%) = ( 1−  )×100 (3-1) 
     Total N removal efficiency (%) = ( 1−  )×100 (3-2) 
where TCODinitial and TNintial refer to initial TCOD and TN concentrations, while SCODfinal and 
STNfinal refer to final SCOD and STN concentrations, respectively.  
Denitrification and methanogenesis efficiencies of each operational cycle in anaerobic reactor 
was determined using following equation: 
       Denitrification efficiency (%) = (1− 
−
−  )×100  (3-3) 
        Methanogenesis efficiency (%) = (  )×100 (3-4) 
where NOx
—-Nbeginning and NOx
—-Nend refer to NOx
—-N concentrations at the beginning and end of the 
each cycle, respectively. 
In methanogenesis, the COD equivalent of CH4 and the theoretical amount of CH4 production is 
395 mL g
-1
 COD at 35 
o
C (Speece, 1996). The theoretical amounts of COD necessary for the NO3
—
-N and NO2
—-N reductions to N2 (i.e. denitrification) were calculated based on 2.87 and 1.71 mg 
COD mg N
-1
, respectively (Tugtas and Pavlostathis, 2007).  
 
3.3. Results and discussion 
3.3.1. The performance of an anaerobic-aerobic batch treatment system via NO3
— 
3.3.1.1. pH and ORP variation 
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Fig. 3.4 presents the pH variation in anaerobic reactor during the experimental period under the 
different water recirculation rates. The pH value during simultaneous methanogenesis and 
denitrification in organic solid waste treatment varies due to balance of acidogenesis and 
methanogenesis/denitrification processes. In the both conditions, the pH values decreased due to the 
active progress of solubilization and acidogenesis of substrate during the first day of the 
experimental period. Thereafter, the pH values increased gradually until last day of the experimental 
period due to the consumption of produced acids and alkalinity generation by methanogenesis 
and/or denitrification processes. The pH varied from 7.09 to 8.24 in the recirculation rate of 10% 
day
-1
 condition and 7.13 to 7.81 in the recirculation rate of 20% day
-1
 condition, respectively. The 
optimum pH values for methanogenesis and denitrification ranging from 6.5 to 8.2 and 7.0 to 9.0, 
respectively (Speece, 1996; Glass and Silverstein, 1998; Chen, et al., 2008). Therefore, the pH 
values in the both conditions were suitable level for simultaneous methanogenesis and 
denitrification.  
 Fig. 3.5 shows the ORP variation in anaerobic reactor during the experimental period. The ORP 
value fluctuated in a wide range from -549 to -53 mV in the 10% day
-1
 condition and from -467 to 
-74 mV in the 20% day
-1
 condition, respectively, which represents anaerobic condition during the 
experimental period. In the both conditions, the ORP value increased quickly at the beginning of 
each operational cycle. Thereafter, the value decreased rapidly during the operational cycle. This 
up/down variation in ORP was repeated during the experimental period in both conditions. It is 
commonly known that the NOx
— attribute the increase in ORP (Peng et al., 2002; Li and Irvin, 
2007; Tugtas and Pavlostathis, 2007). In this study, the daily adding nitrified water increased ORP 
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value while NO3
— reduction by denitrification decreased its value, indicating the rapid progress of 
denitrification.  
In the 10% day
-1
 condition, the relatively strict anaerobic condition ranging from -549 to -242 
mV in ORP was observed during first 5 days of the experimental period, indicating a suitable 
anaerobic condition for methanogenesis (Jee et al., 1988). After that, the relatively high ORP 
ranging from -296 to -53 mV was observed until the last day of the experimental period. This result 
represented that the strict anaerobic condition was shifted to anoxic condition which was suitable 
only for denitrification (Peng et al., 2002). The similar result was observed in the 20% day
-1
 
condition. However, the relatively rapid shift in ORP occurred during first 2.5 days of the 
experimental period. The different results among the different conditions indicated that the increase 
of recirculation rate creates rapidly a favorable condition for denitrification. 
 
3.3.1.2. Cumulative biogas production and biogas production rate 
The cumulative CH4 and N2 production during the experimental period in the both conditions was 
presented in Fig. 3.6. The both CH4 and N2 productions were observed in both conditions, 
representing the occurrence of simultaneous methanogenesis and denitrification. The total 
cumulative CH4 and N2 productions were 11350 mL and 8390 mL in the 10% day
-1
 condition, and 
9330 mL and 11200 mL in the 20% day
-1
 condition, respectively. In the 20% day
-1
 condition, the 
relatively low CH4 production with high N2 production was observed. These results indicated that 
the increase of water recirculation rate can enhance the denitrification process, leading to high N2 
production with the decrease of CH4 production.  
  
52 
 
The CH4 and N2 production rate in the both recirculation rate conditions was shown in Fig. 3.7. 
In the both conditions, the maximum CH4 production rate was achieved at the beginning of the 
experimental period and thereafter the rate decreased rapidly during first 5 days. At the last day of 
the experimental period, methanogenesis was mostly ceased in the both conditions. The N2 
production started after the peak of CH4 gas production. The maximum N2 production in the 10% 
and 20% day
-1
 conditions were 960 mL day
-1
 and 1450 mL day
-1
, respectively. This result also 
indicates that high denitrification performance can be achieved by the increase of water 
recirculation rate. The relatively high N2 production rate was observed during first 5 days. 
Thereafter, the N2 production rate decreased gradually.  
Fig. 3.8 represents the substrate COD consumption rate by methanogenesis and denitrification 
during experimental period. In the both conditions, the relatively high COD consumption rate above 
4000 mg day
-1
 was observed during first 5 days of the experimental period and then the rate 
decreased gradually. This result indicates that the blue mussels were degraded quickly and 
converted into biogas from the beginning of the experimental period. After that, the remaining of 
substrate COD was consumed gradually until the last day. Despite the last day of the experimental 
period, a partial COD consumption was observed. Zhang et al. (2011) reported that self-degradation 
of anaerobic granule sludge evoked due to long-time starvation, leading to generation of propionate 
and isobutyric in the effluent. Such VFAs were preferred by denitrifiers to proceed denitrification 
process (Barber and Stuckey, 2000). In this study, a little COD consumption by denitrification was 
conducted during the last few days of the experimental period. This result indicated that the 
starvation period during the last half of the experiment caused self-biodegradation of sludges and 
thus a partial COD sources such as VFAs were probably supplied. The percentage of COD 
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consumption by methanogenesis and denitrification in the both conditions was shown in Fig. 3.9. In 
both conditions, the main pathway of COD consumption was clearly changed with time. At the first 
few days of the experimental period, the main pathway was methanogenesis and it was rapidly 
shifted to denitrification. It has been reported that methanogenesis is inhibited by the presence of 
NOx
—-N (Akuuna et al., 1992; Tugtas and Pavlostathis, 2007). If methanogenesis and denitrification 
are carried out in the same reactor, denitrification occurs prior to methanogenesis. In this 
experiment, the COD supply by substrate degradation was reduced with experimental time, leading 
to lack of surplus COD after denitrification. Therefore, the COD consumption by methanogenesis 
decreased during the latter half of the experimental period. 
Fig. 3.10 shows the amount of substrate COD consumption by methanogenesis and 
denitrification in the both conditions, at the end of the experimental period. In the 10% day
-1
 
condition, 29.9 g and 29.4 g of COD were consumed by methanogenesis and denitrification, 
respectively. Meanwhile, in the 20% day
-1
 condition, the relatively low COD consumption by 
methanogenesis of 24.4 g and the relatively high COD consumption by denitrification of 35.9 g 
were observed. This result also represented that the increase of water recirculation rate can enhance 
denitrification with decrease of methanogenesis. These results demonstrated that the main 
biodegradation pathway can be controlled by changing recirculation rate condition in the 
investigated anaerobic-aerobic bath treatment system. 
 
3.3.1.3. Denitrification efficiency 
Fig. 3.11 shows the NO3⁻ concentration and denitrification efficiency in anaerobic reactor during 
the experimental period of the both conditions. The NO3⁻ concentration increased by the 
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recirculation of nitrified water and decreased by the progress of denitrification. In the both 
conditions, the supplied NO3⁻ was almost completely removed, resulting in 100% of denitrification 
efficiency during first few days of the experimental period. Thereafter, the remaining of NO3⁻ was 
observed until last day of the experimental period, leading to the relatively low denitrification 
efficiency ranging from 30.8% to 57.2% in the 10% day
-1
 condition and from 2.0 to 65.6% in the 
20% day
-1
 condition, respectively. The decrease of denitrification efficiency occurred on the 6 days 
of the experimental period in the 10% day
-1
 condition. Meanwhile, the decrease was observed on 
the 2.5 days of the experimental period in the 20% day
-1
 condition. This result suggested that the 
increase of water recirculation rate can cause NO3⁻ overloading for denitrification. However, the 
total amount of NO3⁻ reduction was clearly high in the 10% day
-1
 condition compared to the 20% 
day
-1
 condition (Fig. 3.12). These results indicated that the high nitrogen removal performance can 
be obtained by the increase of water recirculation rate in the investigated anaerobic-aerobic batch 
treatment system.  
It has been reported that the nature of carbon source and COD/NOx
—-N ratio are important to 
evaluate the denitrification performance in simultaneous methanogenesis and denitrification 
processes (Mosquera-Corral et al., 2001). The variation of COD/NO3
— -N ratio during the 
experimental period in the both recirculation rate conditions was shown in Fig. 3.13. The COD 
values were calculated by the amount of COD consumption by methanogenesis and denitrification 
in each operational cycle. The NO3
—-N values represented the amount of NO3
—-N at the beginning 
of each operational cycle. In the both conditions, the highest COD/NO3
—-N ratio was achieved at the 
first day of the experimental period. Then, the ratio decreased rapidly during first 5 days and 
maintained the relatively low values until the last day of the experimental period. The relationship 
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between COD/NO3
—-N ratio and denitrification efficiency in the both recirculation rate conditions 
was presented in Fig. 3.14. In the both conditions, denitrification efficiency was clearly affected by 
COD/NO3
—-N ratio. The high efficiency of approximately 100% was achieved under the high ratio 
ranging 4.62≦COD/NO3—-N≦10.9 in the 10% day
-1
 condition and 4.92≦COD/NO3—-N≦7.39 in 
the 20% day
-1
 condition, respectively. Meanwhile, denitrification efficiency decreased dramatically 
under the low COD/NO3
—-N ratio approximately below 4.5 in the both conditions. Denitrification 
proceeds by consuming organic carbon source as an electron donor; thus low efficiency is caused by 
insufficient carbon supply to denitrifying bacteria (Kampschreur et al. 2009). Denitrifying 1 g of 
NO3
—-N chemically requires 2.86 g COD. However, the actual requirement COD is greater than that 
values due to the required COD for bacterial growth (Tugtas and Pavlostathis, 2007). Rittmann and 
McCarty (2001) reported that the required COD/NOx
—-N ratio for denitrification must be at least 
COD/NO2
—-N of 3.4 and COD/NO3
—-N of 5.7, based on 50% of the electron donor used for biomass 
synthesis. Hanaki and Polprasert (1989) examined the effect of COD/NO3
—-N ratio for the treatment 
of methanol using an upflow filter. They reported that incomplete denitrification occurred at 
COD/NO3
—-N<3.45 and complete denitrification occurred at 3.97<COD/NO3
—-N. Ruiz et al. (2006) 
also studied the effect of COD/NO3
—-N ratio using peptone as a carbon substrate by UASB reactor. 
They reported that incomplete denitrification occurred at COD/NO3
—-N of 1.0 while complete 
denitrification occurred at 5.0＜COD/NO3⁻-N. These results of previous studies were similar to the 
results obtained in this experiment. Therefore, COD/NO3
—-N ratio was useful to determine the 
denitrification performance not only in a single batch flask experiment (Chapter Ⅱ) but also in an 
anaerobic-aerobic batch reactor experiment.  
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3.3.1.4. COD and nitrogen removal efficiency 
The COD and nitrogen removal efficiency in the both recirculation rate conditions were 
calculated and shown in Fig. 3.15. In the both conditions, the high COD removal efficiency of 
97.7% and 96.4% were achieved. Meanwhile, the nitrogen removal efficiency varied depending on 
the recirculation rate conditions. The relatively high nitrogen removal efficiency of 81.9% was 
observed in the 20% day
-1
 condition compared to the 10% day
-1
 condition which showed 69.0% of 
removal efficiency. This result represented that the increase of recirculation rate can enhance NO3
— 
reduction pathway by denitrification, leading to high nitrogen removal efficiency.  
 
3.3.2. The performance of an anaerobic-aerobic batch treatment system via NO2
— 
3.3.2.1. pH and ORP variation 
The pH and ORP variation in the experiment via nitrite was shown in Fig. 3.16. At the beginning 
of the experimental period, the pH value decreased and thereafter the value increased gradually 
until the last day of the experimental period. During the experimental period, the pH value varied 
ranging from 7.21 to 7.80, representing suitable value for the both methanogenesis and 
denitrification processes. The relatively low ORP value ranging from -610 to -350 mV, which 
represents the strict anaerobic condition, was observed during the first 5 days of the experimental 
period. After that, the value was shifted to anoxic condition and maintained the relatively high value 
during the experimental period. These obtained results in pH and ORP value were similar to the 
pattern of the results from the experiment via NO3
—. 
 
3.3.2.2. Cumulative biogas production and biogas production rate 
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The cumulative biogas production and the biogas production rate were shown in Fig. 3.17, 
respectively. The both CH4 and N2 gas production were achieved, representing the occurrence of 
simultaneous methanogenesis and denitrification via NO2
— . Total cumulative CH4 and N2 
production were 10300 mL and 5500 mL, respectively. Compared to the results of the experiment 
via NO3
— in the recirculation rate of 10% day
-1
 condition (Fig. 3.6), the relatively low cumulative 
biogas production and low biogas production rate were observed. Therefore,  simultaneous 
methanogenesis and denitrification via NO3
— was more effective in terms of biogas conversion 
efficiency. These results were coincided with the result obtained from the batch flask experiments 
(Fig. 2.14 in the Chapter Ⅱ). 
The total amount of substrate COD consumption by methanogenesis and denitrification via NO2
— 
was calculated based on the total cumulative biogas production. At the end of the experimental 
period, 27.0 g and 10.7 g of COD were consumed by methanogenesis and denitrification, 
respectively. The relatively low COD consumption by denitrification was observed compared to the 
experiment via NO3
— which showed 29.4 g of COD consumption by denitrification. This low COD 
consumption in the experiment via NO2
— is due to the following reasons: (1) 39% lower N2 gas 
production than that of the experiment via NO3
—; and in addition, (2) 40% lower COD requirement 
for complete denitrification via NO2
— than that for denitrification via NO3
—.  
 
3.3.2.3. Denitrification efficiency 
The NO2⁻ concentration and denitrification efficiency in anaerobic reactor during the 
experimental period was shown in Fig. 3.18. During first 5 days of the experimental period, the 
supplied NO2⁻ was completely removed, leading to 100% of the denitrification efficiency. Then, the 
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denitrification efficiency decreased ranging from 9.45 to 67.1% due to the remaining of NO2⁻ until 
the last day of the experimental period. The decrease of denitrification efficiency was observed on 
the 6 days which coincided with the result obtained from the experiment via NO3⁻ in the same 
recirculation rate condition (Fig. 3.11). This decrease of denitrification efficiency was caused by 
insufficient carbon supply to denitrifying bacteria, because the degradation of substrate mostly 
finished during first 5 days of the experimental period.  
The variation of COD/NO2
—-N ratio during the experimental period was presented in Fig. 3.19. 
The highest ratio was observed at the first day and thereafter the ratio decreased rapidly during the 
first 5 days of the experimental period. Fig. 3.20 represents the relationship between COD/NO2⁻-N 
ratio and denitrification efficiency. The high denitrification efficiency of 100% was achieved under 
the high above approximately 5.0. These results were coincided with the results from the 
experiment via NO3⁻ (Fig. 3.13 and 3.14). The COD/NOx
—-N ratio was useful to determine the 
denitrification performance not only via NO3⁻ but also via NO2⁻. 
 
3.3.2.4. COD and nitrogen removal efficiency 
The COD and nitrogen removal efficiency were calculated. The high COD removal efficiency of 
96.2% was achieved. Meanwhile, the relatively low nitrogen removal efficiency of 65.2% was 
observed. This result was similar to the result obtained from the experiment via NO3
— in the 10% 
day
-1
 condition (Fig. 3.15). To improve the nitrogen removal efficiency, the increase of 
recirculation rate is useful, because increasing water recirculation rate can enhance denitrification 
performance in the investigated batch system.  
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This chapter represented for the first time the usefulness of simultaneous methanogenesis and 
denitrification via NO3
— and NO2
— in anaerobic-aerobic batch system with for the treatment of blue 
mussels, which are major intermittently-discharged organic solid wastes all over the world. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
60 
 
 
 
 
 
V
ia
 
n
it
ra
te
/
n
it
ri
te
N
it
ra
te
5
.6 -
6
.1 -
5
.8 -
1
.5 -
1
.6 -
1
.5 -
-
3
.6 -
3
.5 -
3
.1
R
ea
ct
o
r
A
n
ae
ro
b
ic
A
er
o
b
ic
A
n
ae
ro
b
ic
A
er
o
b
ic
A
n
ae
ro
b
ic
A
er
o
b
ic
A
d
d
ed
 s
ee
d
 s
lu
d
g
e
A
(g
V
S
 L
-1
)
D
(g
 V
S
 L
-1
)
N
(g
 S
S
 L
-1
)
In
it
ia
l
T
N
(m
g
 N
 L
-1
)
T
C
O
D
(m
g
 C
O
D
 L
-1
)
6
9
0
0
-
7
0
0
0
-
6
8
0
0
-
9
6
0 -
9
8
0 -
9
0
0 -
T
C
O
D
/T
N
7
.2 -
7
.1 -
7
.6 -
T
ab
le
 3
.1
. 
O
p
er
at
io
n
al
 c
o
n
d
it
io
n
s 
in
 a
n
 a
n
ae
ro
b
ic
/a
er
o
b
ic
 b
at
ch
 t
re
at
m
en
t 
sy
st
em
R
ec
ir
cu
la
ti
o
n
 
ra
te
(%
 d
ay
-1
)
p
H -
>
7
.0 -
>
7
.0 -
>
7
.8
-
>
5
.0 -
>
5
.0 -
>
1
.0
D
O
(m
g
 L
-1
)
N
it
ri
te
A
: 
A
n
ae
ro
b
ic
 s
lu
d
g
e;
 D
: 
D
en
it
ri
fy
in
g
 s
lu
d
g
e,
 N
: 
N
it
ri
fy
in
g
 s
lu
d
g
e
R
ec
ir
cu
la
ti
o
n
 r
at
e:
 P
er
ce
n
ta
g
e 
o
f 
th
e 
d
ai
ly
 a
m
o
u
n
t 
o
f 
w
at
er
 r
ec
ir
cu
la
ti
o
n
 t
o
 t
h
e 
v
o
lu
m
e 
o
f 
an
ae
ro
b
ic
/a
er
o
b
ic
 r
ea
ct
o
rs
1
0
3
3
2
0
6
6
1
0
3
3
  
61 
 
 
 
 
 
 
In
te
rm
it
te
n
t 
o
rg
an
ic
so
li
d
 w
as
te
E
ff
lu
en
tB
io
g
as
(1
) 
C
H
4
, 
C
O
2
; 
(3
) 
C
H
4
, 
C
O
2
, 
N
2
; 
(5
) 
N
2
(2
),
 (
4
)
N
it
ri
fi
ca
ti
o
n
(1
) 
M
et
h
a
n
o
g
en
es
is
(3
) 
M
et
h
a
n
o
g
en
es
is
&
 d
en
it
ri
fi
ca
ti
o
n
(5
) 
D
en
it
ri
fi
ca
ti
o
n
*
A
er
at
io
n
A
n
a
er
o
b
ic
 t
a
n
k
N
it
ri
fi
ed
 w
as
te
r 
re
ci
rc
u
la
ti
o
n
A
er
o
b
ic
 t
a
n
k
C
O
D
W
as
te
 
F
ig
u
re
 3
.1
. 
A
n
 a
n
ae
ro
b
ic
-a
er
o
b
ic
se
q
u
en
ti
al
 b
at
ch
 t
re
at
m
en
t 
sy
st
em
(1
) 
M
et
h
a
n
o
g
en
es
is
S
o
li
d
-l
iq
u
id
 
se
p
ar
at
io
n
(2
) 
N
it
ri
fi
ca
ti
o
n
(3
) 
M
et
h
a
n
o
g
en
es
is
&
d
en
it
ri
fi
ca
ti
o
n
(4
) 
N
it
ri
fi
ca
ti
o
n
(5
) 
D
en
it
ri
fi
ca
ti
o
n
*
*
 D
en
it
ri
fi
ca
ti
o
n
 i
s 
co
n
d
u
ct
ed
 b
y
 a
d
d
in
g
 c
h
em
ic
al
 a
d
d
it
iv
e
T
N
N
H
4
⁺
N
H
4
⁺
N
O
x
⁻
W
as
te
 
C
h
em
ic
al
  
62 
 
 
 
 
 
 
 
 
 
 
F
ig
u
re
 3
.2
. 
A
n
 a
n
ae
ro
b
ic
-a
er
o
b
ic
 b
at
ch
 t
re
at
m
en
t 
sy
st
em
 w
it
h
 w
at
er
 r
ec
ir
cu
la
ti
o
n
In
te
rm
it
te
n
t 
o
rg
an
ic
so
li
d
 w
as
te
E
ff
lu
en
tB
io
g
as
(C
H
4
, 
C
O
2
, 
N
2
)
N
it
ri
fi
ca
ti
o
n
M
et
h
a
n
o
g
en
es
is
&
 d
en
it
ri
fi
ca
ti
o
n
A
er
at
io
n
A
n
a
er
o
b
ic
 t
a
n
k
W
a
te
r 
re
ci
rc
u
la
ti
o
n
A
er
o
b
ic
 t
a
n
k
S
o
li
d
-l
iq
u
id
 
se
p
ar
at
io
n
  
63 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3. Schematic diagram of an anaerobic-aerobic batch treatment system
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Figure 3.4. pH variation during experimental period in the experiment via NO3⁻ under the 
different conditions of recirculation rate
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Figure 3.5. ORP variation during experimental period in the experiment via NO3⁻ under the 
different conditions of recirculation rate
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Figure 3.6. Biogas production during experimental period in the experiment via NO3⁻ under 
the different conditions of recirculation rate, ◆: CH4, □: N2
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Figure 3.7. Biogas production rate during experimental period in the experiment via NO3⁻
under the different conditions of recirculation rate, ◆: CH4, □: N2
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Figure 3.8. Substrate COD consumption rate by methanogenesis and denitrification during 
the experimental period in the experiment via NO3⁻ under the different conditions
of recirculation rate, ■: methanogenesis, □: denitrification
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Figure 3.9. Percentage of COD consumption by methanogenesis and denitrification during 
experimental period in the experiment via NO3⁻ under the different conditions of 
recirculation rate, ◆: methanogenesis, □: denitrification
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Figure 3.10. Total amount of substrate COD consumption in the experiment via NO3⁻ under
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Figure 3.11. NO3⁻ concentration and denitrification efficiency during experimental period 
in the experiment via NO3⁻ under the different conditions of recirculation rate,
●: NO3⁻ concentration, □: denitrification efficiency
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Figure 3.12. Total amount of NO3⁻ reduction during the experimental period in the 
experiment via NO3⁻ under the different conditions of recirculation rate,
△: 10% day-1 condition, ▲: 20% day-1 condition
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Figure 3.13. COD/NO3⁻-N ratio during the experimental period   in the experiment 
via NO3⁻ under the different conditions of recirculation rate
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Figure 3.14. Relationship between COD/NO3⁻-N ratio and denitrification efficiency in the 
experiment via NO3⁻ under the different conditions of recirculation rate
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Figure 3.15. COD and nitrogen removal efficiency at the end of the experiment via NO3⁻
under the different conditions of recirculation rate, 
■: COD removal, □: nitrogen removal
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Figure 3.16. pH and ORP variation during the experimental period in the experiment via 
NO2⁻
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Figure 3.17. Cumulative biogas production and biogas production rate during the 
experimental period in the experiment via NO2⁻,  ◆: CH4, □: N2
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Figure 3.18. NO2⁻ concentration and denitrification efficiency during the experimental 
period in the experiment via NO2⁻ : ●: NO2⁻ concentration, □: denitrification 
efficiency
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Figure 3.19. COD/NO2⁻-N ratio during the experimental period  in the experiment via NO2⁻
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Figure 3.20. Relationship between COD/NO2⁻-N ratio and denitrification efficiency in the 
experiment via NO2⁻
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Chapter Ⅳ 
General discussion 
 
1. An appropriate operation of water recirculation rate in the investigated system 
The anaerobic-aerobic batch system with water recirculation was developed in the Chapter  Ⅲ. 
In that Chapter, the high COD and nitrogen removal of 96.4% and 81.9% were achieved in the 
recirculation rate of 20% day
-1
 condition, compared to the 10% day
-1
 condition (Fig. 3.15). This 
result indicated that nitrogen removal efficiency can be enhanced by the increase of recirculation 
rate. However, a partial remaining of nitrogen compound of 187 mg N L
-1
 was observed even in the 
20% day
-1
 condition. In the case of Japan, the effluent standard for nitrogen is determined below 
120 mg N L
-1
 as total nitrogen. To meet such standard value, the more nitrogen removal is 
necessary. According to the results obtained in Chapter Ⅲ, nitrogen removal efficiency was clearly 
affected by water recirculation rate among anaerobic/aerobic reactors. Therefore, an appropriate 
recirculation rate should be designed to obtain high quality effluent.  
Fig. 4.1 showed the cumulative amount of COD consumption by methanogenesis and 
denitrification in different water recirculation rate in Chapter Ⅲ . In the both recirculation 
conditions, the high COD consumption by methanogenesis was observed during first few days of 
the experimental period compared to the consumption by denitrification. This result indicated that 
the substrate was solubilized actively and solubilized COD was mainly consumed by 
methanogenesis during first few days of the experiment. Thereafter, the remaining COD after active 
solubilization was not sufficient for denitrification, leading to incomplete nitrogen removal in the 
both recirculation conditions. Therefore, high COD consumption by denitrification during the 
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period of active solubilization is essential to achieve high nitrogen removal efficiency. In other 
words, low COD consumption by methanogenesis must be conducted during first few days of the 
experiment. The relationship between COD/NO3
—-N ratio and the COD consumption efficiency by 
methanogenesis was represented in Fig. 4.2. The high COD consumption efficiency above 60% was 
observed under the high COD/NO3
—-N ratio above 5.0. Meanwhile, the low consumption efficiency 
below 40% was observed under the low COD/NO3
—-N ratio below 1.5. These results indicated that 
the COD/NO3
—-N ratio must be maintained at low value in order to avoid COD consumption by 
methanogenesis. The control of COD/NO3
—-N ratio is an important factor to achieve high COD 
consumption by denitrification, which leads to high nitrogen removal efficiency.  
In order to predict nitrogen removal efficiency under different recirculation rate conditions, 
several prediction equations were created by using the experimental results in Chapter Ⅲ. The 
prediction equations of amount of COD supply, amount of NH4+ supply, denitrification efficiency 
and the COD consumption ratio by methanogenesis were represented as following equations: 
    Amount of COD supply (mg COD) = 
・
 (4-1) 
    Amount of NH4+ supply (mg N) = 7200 + 
・
 (4-2) 
    Denitrification efficiency (%) = 100・    (4-3) 
     COD consumption rate by methanogenesis (%) = 100・  (4-4) 
 
where d and r refer to experimental day and COD/NO3
—-N ratio, respectively.  
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Firstly, the modeling results were calculated by using prediction equations and the values were 
compared with experimental values. Fig. 4.3 and 4.4 represented the experimental and predicted 
values of nitrogen removal efficiency, COD/NO3
—-N ratio, COD consumption by denitrification and 
COD consumption by methanogenesis under the recirculation rate conditions of 10% and 20% day
-1
, 
respectively. In the both conditions, the similar results were obtained between experimental and 
predicted values. Therefore, the developed model is useful to determine the nitrogen removal 
efficiency.  
To achieve high nitrogen removal efficiency, the COD/NO3
—-N ratio must be maintained at low 
value during first few days of the experimental period. Therefore, high water recirculation rate is 
required at the beginning of the experiment. Three different scenarios of water recirculation rate 
were compared by using the developed model: (1) 30% day
-1
, (2) 40% and (3) 50% day
-1
 during 5 
day of the experimental period. Modeling results were shown in Fig. 4.5. The high nitrogen removal 
efficiency of 93.1% and 98.4%, which correspond to 67.6 and 14.7 mg N L
-1
 as total nitrogen, were 
obtained in scenario (2) and (3), respectively. In the both scenarios, the relatively low COD/NO3
—-N 
ratio was maintained during first 10 days of the experimental period, leading to large amount of 
COD consumption by denitrification instead of methanogenesis. These results indicated that the 
water recirculation rate above 40% day
-1
 is an appropriate operational condition to meet the effluent 
standard for nitrogen. 
 
4.2. Scale-up experiment towards practical application of the investigated system 
In Chapter Ⅱ and Ⅲ, laboratory-scale experiments was conducted for the treatment of blue 
mussels. As a result, the successful performance of simultaneous methanogenesis and denitrification 
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with high organic and nitrogen removal efficiencies was achieved in the investigated batch system. 
The next step for practical use of the investigated system has to be scale-up experiment. Thus, large 
scale equipment was designed and then its treatment performance was evaluated. The equipment 
consists of following three cuboid shape tanks: (1) 0.6 m
3
 anaerobic reaction tank, (2) 0.15 m
3
 
aerobic reaction tank, and (3) 0.15 m
3
 sludge stock tank (Nagao and Niwa, 2011). An 
anaerobic/aerobic batch treatment was conducted by using this equipment for 24 days. At the end of 
the experimental period, approximately 70% of COD in the blue mussels were removed by 
methanogenesis and/or denitrification (Akizuki et al., 2011). Although high treatment capability 
was confirmed, the substrate removal efficiency decreased more than 20% compared to the result 
obtained from the laboratory scale experiment (see in Chapter Ⅲ). This result indicated that a 
portion of mussel’s tissue remained in the reaction tank and not treated efficiently in the scale-up 
system. At the end of the experimental period, several mussel shells remained closed tightly at the 
bottom of the tank. It is possible that the gathering of a large amount of mussels occurred at the 
tank’s bottom and partial mussel shells had not opened completely. To improve biological removal 
performance in large-scale system, it is highly required to develop an appropriate mixing method. 
Reducing energy consumption for mixing would be a challenge when the developed system is 
scale upped. Generally, mixing can be conducted in several ways including mechanical pumping, 
stirring or gas recirculation (Karim et al., 2005). Such mechanical mixing methods require high 
energy consumption which often accounts for large fraction of total energy consumption in full 
scale biogas plants. Previous literatures reported that these mechanical mixings in full-scale plants 
consume approximately 20 to 40% of the energy generated by the anaerobic digestion process 
(Braber, 1995; Kaparaju et al., 2008). Recently, innovative self-mixed anaerobic reactors that 
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require no electricity for mixing have been applied to actual anaerobic digestion facilities (Ike et al., 
2010). In self-mixed reactors, pressure generated in head-space of the reactor by the production of 
biogas was used for mixing the slurry. Ike et al. (2010) reported the successful application of 
self-mixed technology to the treatment of food waste in full-scale self-mixed anaerobic digestion 
tank with a total volume of 2300 m
3
. Such method is expected as an appropriate mixing strategy in 
full-scale plants of investigated system.  
 
4.3. A proposed full-scale treatment flow for the treatment of blue mussels 
Towards a practical use of the investigated system to the full-scale treatment, a proposed 
treatment flow was shown in Fig. 4.6. The proposed flow is assumed to treat 200 tons wet weight 
(35 tons volatile solids) of the blue mussels which are intermittently-discharged at coastal thermal 
power plant. The developed biological treatment facility should be located in nearby area to waste 
discharge site in order to reduce transport costs. Seed sludges (i.e. anaerobic, denitrifying and 
aerobic sludges) are needed to be collected from anaerobic digestion plants or wastewater treatment 
plants and then transported into the treatment facility. The treatment facility size of anaerobic tank 
and aerobic tank were estimated according to results obtained from Chapter Ⅲ. After addition of 
the blue mussels and the seed sludges into biological treatment tanks, an anaerobic/aerobic batch 
treatment with repetitive water recirculation is performed. The estimated CH4 gas production is 0.13 
m
3
 of CH4 per kg of VS, resulting in total amount of CH4 gas of 4550 m
3
. The estimated electricity 
(E) generated from CH4 gas is 10500 kWh which is calculated by following equation: 
       E (kWh) = CH4produced (m
3
)×CH4heat (KJ/m
3
)×Gefficiency / 3600 (KJ/kWh)   (4-5) 
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where CH4produced, CH4heat and Gefficiency refer to CH4 gas production of 4550 m
3
, amount of CH4 
heat generation of 25000 KJ/m
3
 and power generation efficiency of 0.33 (Takata et al., 2013), 
respectively. The generated electricity can be used to offset the energy requirements for the 
operation of anaerobic and aerobic tanks such as temperature control or aeration energy. After 
biological treatment processes, treated water is released into the aquatic environment. The 
remaining shells of blue mussels in anaerobic tank can be used for cement material after washing 
and crushing processes. On the other hand, the remaining sludges in anaerobic/aerobic tanks are 
withdrawn and returned to original treatment plants in order to reuse sludges. Such treatment flow is 
recommended as an appropriate flow for the treatment of blue mussels.  
 
4.4. An application potential for the treatment of other intermittent wastes 
To determine the applicability of target-waste as a substrate for the investigated system, the 
substrate carbon to nitrogen ratio (C/N and/or COD/N) is a key factor because the both 
methanogenesis and denitrification are affected strongly by the ratio. In addition, soluble COD/N 
ratio is important factor to determine the success or the failure in the case of treating organic solid 
wastes. Furthermore, the anaerobic biodegradation potential should also be considered to simulate 
an appropriate water recirculation rate in the investigated system.  
The substrate (soluble) carbon to nitrogen ratio and CH4 yield of possible intermittent organic 
solid wastes (i.e. marine biofouling organisms, drifting algae masses and organic wastes from 
large-scale disasters) was summarized in Table 4.1. It has been known that mussels have high 
protein content, averaging 67% of the body weight (Tanabe, 2000). Therefore, the relatively low 
C/N ratio ranging from 3.6 to 7 were observed in the tissues of mussels (Nalepa et al., 1993; 
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McMahon, 1996; Fry and Smith, 2002; this study). Meanwhile, many types of drifting algae have 
relatively high C/N ratio ranging from 7.9 to 27.9 (Neori et al., 1991; Williamson and Rees, 1994; 
Brand et al., 1995; Bruhn et al., 2011; Costa et al., 2012; Jard et al., 2013). In addition, several 
unexpected disaster wastes such as food waste, fruit and vegetable waste and green waste also have 
relatively high C/N ratio or COD/N ratio, compared to mussels (Knol et al., 1978; Stewart et al., 
1984; Sharma et al., 1988; Sarada and Joseph, 1994; Han and Shin, 2004; Rao and Singh, 2004; 
Bouallagui et al., 2005; Kumar et al., 2010). The successful treatment of blue mussels by the 
investigated system was obtained in the Chapter Ⅲ. This result indicates the application potential 
of the investigated system for the treatment of other intermittent organic solid wastes which contain 
the higher C/N or COD/N ratio than that of blue mussels. Meanwhile, manure wastes may have the 
relatively low C/N or COD/N ratio due to high ammonia content in liquid fraction (Wellinger, 
1984; Wilkie and Mulbry, 2002; Gelegenis et al., 2007), causing quite low initial soluble COD/N 
ratio ranging from 1.67 to 2.07 (Wilkie and Mulbry, 2002; Gelegenis et al., 2007). In the case of 
treating such wastes by the investigated system, high water recirculation rate must be avoided 
because it can lead to low soluble COD/NOx⁻-N ratio, causing the failure of the both processes of 
methanogenesis and denitrification. In such case, water recirculation should not be started 
immediately until substrate carbon is solubilized to achieve a sufficient soluble COD/NOx⁻-N ratio 
in the reactor. 
 Anaerobic biodegradable potential (i.e. CH4 yield) is also important parameter to determine an 
appropriate operation in the investigated system. For instance, the easily biodegradable wastes with 
high C/N ratio such as fruit and vegetable wastes (Knol et al., 1978; Stewart et al., 1984; Sharma et 
al., 1988; Sarada and Joseph, 1994; Rao and Singh, 2004; Bouallagui et al., 2005) can be treated by 
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short treatment time with high recirculation rate condition. Meanwhile, the relatively persistent 
wastes such as manure wastes and algae masses must be treated by long treatment time with low 
recirculation rate due to its slow degradation. Therefore, the water recirculation rate should be 
changed also depending on the anaerobic biodegradability of target-waste. 
 
4.4. Future study 
In the present study, two biological processes of methanogenesis and denitrification were 
combined into a single anaerobic reactor. As a more simplified batch system, the coupling of 
methanogenesis, denitrification and nitrification (SMDN) processes in a single reactor is 
recommended. The main concept of the SMDN system is: switching anaerobic/aerobic processes by 
exchange of anaerobic/aerobic sludge in a same reactor, combining three biological processes into a 
single reactor. A proposed treatment flow by using SMDN system consists of following 5 steps 
batch processes: 
(1) Methanogenesis; anaerobic sludge is inoculated into the reactor, and first feeding of 
intermittent organic solid wastes and methanogenesis are performed. Complex organic matter is 
converted into CH4 gas. Meanwhile, organic nitrogen is converted into NH4⁺. 
(2) Nitrification; anaerobic sludge is collected from the reactor and nitrifying sludge is inoculated 
into the reactor, and feeding of anaerobic effluent and nitrification are performed with aeration. 
NH4⁺ is oxidized into NOx⁻. 
(3) Simultaneous methanogenesis and denitrification; nitrifying sludge is collected from the 
reactor and anaerobic and denitrifying sludges are inoculated into the reactor, and second feeding of 
blue mussels and simultaneous methanogenesis and denitrification are performed. Complex organic 
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matter is converted into CH4 gas. Organic nitrogen is converted into NH4⁺. NOx⁻ is converted into 
N2 gas. 
(4) Nitrification; anaerobic and denitrifying sludge are collected from the reactor and nitrifying 
sludge is inoculated into the reactor, and feeding of anaerobic effluent and nitrification are 
performed with aeration. NH4⁺ is oxidized into NOx⁻. 
(5) Denitrification; nitrifying sludge is collected from the reactor, and feeding of chemical 
additive (e.g. methanol) and denitrification are performed in anaerobic reactor. NOx⁻ is converted 
into to N2 gas.  
In this system, anaerobic/aerobic conditions in the reactor are switched by on-off aeration control. 
The anaerobic/aerobic slurries after each process were separated by the settling. Until now, the 
SMDN system has been applied for the treatment of blue mussels and showed high treatment 
performance. A further study is needed to evaluate the treatment performance of the system for 
other intermittent organic solid wastes. Such investigation of simplified batch treatment system is 
highly expected as a breakthrough technology for the treatment of intermittent organic solid wastes, 
which is conventionally disposed by un-economically and un-environmentally friendly treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
  
90 
 
 
 
 
 
 
T
ab
le
. 
4
.1
. 
C
ar
b
o
n
 t
o
 n
it
ro
g
en
 r
at
io
 a
n
d
 m
et
h
an
e 
y
ie
ld
 o
f 
p
o
ss
ib
le
 i
n
te
rm
it
te
n
t 
o
rg
an
ic
 s
o
li
d
 w
as
te
s 
 
C
at
eg
o
ry
S
u
b
st
ra
te
C
/N
 r
at
io
C
O
D
/N
 r
at
io
S
o
lu
b
le
C
O
D
/N
 r
at
io
C
H
4
y
ie
ld
(m
l 
g
 V
S
-1
)
R
ef
er
en
ce
s
M
ar
in
e 
b
io
fo
u
li
n
g
o
rg
an
is
m
s
B
ar
n
ac
le
4
.1
3
-5
.2
1
-
-
F
ry
 &
 S
m
it
h
, 
2
0
0
2
B
ry
o
zo
an
1
3
.2
4
-
-
H
u
rd
 e
t 
al
.,
 1
9
9
4
M
u
ss
el
4
.0
6
-4
.0
7
-
-
-
F
ry
 &
 S
m
it
h
, 
2
0
0
2
Z
eb
ra
 m
u
ss
el
3
.6
-7
-
-
-
N
al
ep
a
et
 a
l.
, 
1
9
9
3
;
M
cM
ah
o
n
, 
1
9
9
6
B
lu
e 
m
u
ss
el
5
.1
7
1
6
.3
-
5
1
9
T
h
is
 s
tu
d
y
D
ri
ft
in
g
 a
lg
ae
 m
as
se
s
U
lv
a
sp
.
7
.9
-2
4
.4
-
-
1
5
7
-2
7
1
N
eo
ri
et
 a
l.
, 
1
9
9
1
; 
B
ru
h
n
 e
t 
al
.,
 2
0
1
1
;
C
o
st
a 
et
 a
l.
, 
2
0
1
2
S
a
rg
a
ss
u
m
2
7
.9
-
-
-
B
ra
n
d
 e
t 
al
.,
 1
9
9
5
E
n
te
ro
m
o
rp
h
a
sp
.
-
1
6
.9
-
1
4
8
-1
5
4
C
o
st
a 
et
 a
l.
, 
2
0
1
2
G
ra
ci
la
ri
a
sp
.
-
8
.2
9
-
1
4
8
-1
8
2
C
o
st
a 
et
 a
l.
, 
2
0
1
2
P
se
u
d
o
li
th
o
d
er
m
a
sv
ed
el
iu
s
1
7
-2
6
-
-
-
W
il
li
am
so
n
 &
 R
ee
s,
 1
9
9
4
P
a
lm
a
ri
a
p
a
lm
a
ta
1
1
-
-
-
Ja
rd
et
 a
l.
, 
2
0
1
3
P
o
ss
ib
le
 o
rg
an
ic
 s
o
li
d
w
as
te
s
fr
o
m
 
la
rg
e-
sc
al
e 
d
is
as
te
rs
(e
.g
. 
H
u
rr
ic
an
es
/t
y
p
h
o
o
n
s,
T
su
n
am
is
, 
F
lo
o
d
s,
E
ar
th
q
u
ak
es
)
M
an
u
re
 w
as
te
-
7
.2
2
-1
5
.2
1
.6
7
-2
.0
7
-
W
il
k
ie
&
M
u
lb
ry
, 
2
0
0
2
;
G
el
eg
en
is
 e
t 
al
.,
 2
0
0
7
P
ig
 s
lu
rr
y
3
-1
0
-
-
1
7
5
-4
0
0
W
el
li
n
g
er
, 
1
9
8
4
;
S
te
ff
en
 e
t 
al
.,
 1
9
9
8
C
o
w
 s
lu
rr
y
6
-2
0
-
-
1
1
0
-2
2
5
W
el
li
n
g
er
, 
1
9
8
4
;
S
te
ff
en
 e
t 
al
.,
 1
9
9
8
C
h
ic
k
en
 s
lu
rr
y
3
-1
0
-
-
2
1
0
-4
8
0
S
te
ff
en
 e
t 
al
.,
 1
9
9
8
F
o
o
d
 w
as
te
8
.8
5
-1
8
.3
-
-
2
6
1
-4
1
7
K
n
o
l
et
 a
l.
, 
1
9
7
8
;
H
an
 a
n
d
 S
h
in
, 
2
0
0
4
; 
K
u
m
ar
 e
t 
al
.,
 2
0
1
0
F
ru
it
 a
n
d
 v
eg
et
ab
le
w
as
te
3
4
.2
-3
6
.4
2
5
-
4
0
9
-5
2
9
K
n
o
l 
et
 a
l.
, 
1
9
7
8
;
S
te
w
ar
t 
et
 a
l.
, 
1
9
8
4
;
S
h
ar
m
a 
et
 a
l.
, 
1
9
8
8
;
S
ar
ad
a 
&
Jo
se
p
h
, 
1
9
9
4
;
R
ao
 &
 S
in
g
h
, 
2
0
0
4
;
B
o
u
al
la
g
u
i 
et
 a
l.
, 
2
0
0
5
 
F
is
h
 w
as
te
9
-
-
-
M
sh
an
d
et
e
et
 a
l.
, 
2
0
0
4
G
re
en
 w
as
te
5
2
.4
-
-
-
K
u
m
ar
 e
t 
al
.,
 2
0
1
0
  
91 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Experimental period (day)
Figure 4.1. Amount of COD consumption by methanogenesis and denitrification during the 
experimental period in the experiment via NO3⁻ under the different conditions of 
recirculation rate , ■: methanogenesis (10% day-1 condition), □: denitrificaiton
(10% day-1 condition), ◆: methanogenesis (20% day-1 condition),
◇: denitriification (20% day-1 condition)
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efficiency by methanogenesis
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